We mixed a blend of commercially available LCM's, including the following: (a) 15 Ibmlbbl [43 kg/mg 3 ] of a fine grind of vegetable fibers/granules mixed with medium-sized polymer flakes, (b) 15 Ibmlbbl [43 kg/mg 3 ] of a medium grind of vegetable fibers/granules mixed with medium-sized polymer flakes, and (c) 10 Ibmlbbl [28.5 kg/m 3 ] of uniquely processed microcrystalline cellulosic fibers with particle sizes ranging from 2 to 120 mm. In this paper, our specially formulated LCM blend will be called the 15115/10 LCM blend.
INTRODUCTION
Lost circulation is one of the oldest, most time consuming, and costly problems encountered in drilling a well. Off the east coast of Trinidad, the problem is no different. Lost circulation, or loss of returns, is defined as the loss of drilling fluids or cement slurries into the formation. Generally, four types of formations are responsible for lost circulation 1: (1) natural or induced formation fractures, (2) vugular or cavernous formations, (3) highly permeable formations, and (4) unconsolidated formations.
The industry has developed three types of agents to combat lost circulation: (1) bridging, (2) gelling, and (3) cementing agents; the type used depends on the operational phase of the well. 2 All these types of agents have been used to combat lost-circulation problems in wells offshore the east coast of Trinidad. In this area, bridging agents are far more effective than cementing or gelling agents for handling lost-circulation problems. Bridging agents can be classified as fibrous, flake, granular, or blended.3 Although all these bridging agents have been used, the blended type seems to cure lost circulation best offshore Trinidad.
Most of the east coast producing fields contain multiple unconsolidated sandstone reservoirs with permeabilities from 50 to 100 md. These reservoirs, which have been partially or severely depleted because of hydrocarbon production, lie below virgin-pressured water-bearing sands and, in some instances, above virgin-pressured hydrocarbon-bearing reservoirs. Partial loss of mud circulation is almost certain to occur during drilling through these subnormally pressured sands; complete loss of mud returns is common when the sands are severely depleted. Consequently, several lost circulation-related problems have developed that have led to higher well costs. For example, on several occasions when partial losses occurred, the drill string became differentially stuck because of high differential pressure across the depleted sand. In other cases, the drill string became packed off and stuck because the open hole above the bit caved in. This occurred because of hydrostatic pressure loss when complete mud returns were lost.
Several well-known and accepted LCM blends and techniques have been used to combat lost circulation off the east coast.1-4 One successful but costly method was to set an intermediate-drilling-casing string to case off virgin-pressured sands before drilling through the depleted zones. The depleted zones were drilled at controlled rates of penetration (ROP's) with a mud containing a high concentration (15 to 20 lbm/bbl [43 to 57 kg/m 3 ]) of LCM's. If this approach did not prevent lost circulation, one of two options was exercised. If tolerable partial mud returns were experienced, drilling was continued. If mud losses were intolerable, however, an LCM pill with a much higher concentration than in the active system was spotted in the open hole, and the formations were allowed to "heal" before drilling operations were resumed. This approach, however, was not optimum. Permanent formation damage occurred because of whole mud losses to the formations, the overall well cost increased, and the completion quality was compromised because it was limited to 5-in. [127-mm] cased-hole gravel packs. Consequently, a new preventive approach was sought to combat lost circulation.
We decided to develop an LCM blend, using commercially available products, that possessed wide ranges of particle sizes and types that could bridge against the formation as well as withstand high differential pressures. This paper documents the development and the successful use of such a blend. The sealing effectiveness has been tested successfully. In addition, the blend has been used as an integral part of a water-based drilling fluid for preventing lost circulation in subnormally pressured, unconsolidated sandstones off the east coast.
One-third of the filter-press cylinder was filled with a sample of 40/60-mesh Ottawa gravel, the same type used for gravel packing, to simulate the unconsolidated formations. Because the gravel was from a freshwater environment, it was water-wet. Tap water (50 mL) was then poured into the cylinder, which was capped and secured in the frame. Nitrogen gas pressure was applied to the cylinder until water freely ran out from the drain tube into a beaker. When free water was observed, the nitrogen gas pressure was bled off to ensure that the sand was completely saturated with water before testing. The cap was then removed, and the cylinder was filled with a test mud sample. The cap was replaced, and the cylinder assembly was placed in the holder. A dry graduate cylinder was placed below the drain tube, and 1,500 psi [10.34 MPa] gas differential pressure was applied across the cylinder. Filtrate was collected in the graduated cylinder below the drain tube. All tests were conducted at room temperature. No filter paper was used above the stainless-steel porous disk.
Several tests were conducted with various combinations of the selected products to achieve an optimum blend for sealing effectiveness. Fig. 1 shows a plot of filtrate volume vs. time.
The lack of whole-mud loss clearly shows the effective sealing characteristics of the LCM blend. The minimal amount of clear filtrate observed in each test demonstrates that minimal fluid invasion in the filtering medium occurs after sealing, as confirmed by observation of the gravel samples after each test. Although the cellulosic fibers themselves provided a positive seal in the mud sample in the laboratory, the seal appeared to be short lived and unstable when field tested. Similar field results were obtained with the cellulosic fibers in combination with the fine or medium vegetable/polymer fibers. When 5 mL of 7.5 vol % HCl was added to the test cell containing the LCM blend, whole mud immediately came from the drain tube of the filter press. From previous tests, we know that the vegetable/polymer fraction of the LCM blend is inert with chemical treatment. Additionally, our laboratory tests show that the fine or medium vegetable/polymer blends alone or in combination do not provide a seal (refer to Table 1 ). The breakdown of the seal therefore results from the HCl reacting with the cellulosic fibers. Similar results were observed when a 3 vol % sodium hypochlorite (NaCIO) solution was used in the tests. Thus, 7.5 vol % HCl or 3 vol % NaCIO solution can break the seal by removing the cellulosic fibers plugging the sand pore spaces. We do not know whether all the LCM or mud was removed by the HCl or the NaCIO. Because these treatments break the seals, however, we know the treatments effect partial removal of the LCM or mud.
In 
MUD SYSTEM
We used a freshwater/gel/gilsonite mud with a 40-lbm/bbl ] synthetic resin/lignite product. Barium sulfate was used to weight the mud because of its availability and low cost. Table 2 gives more details on the types, concentrations, and functions of products used in the mud system. Table 3 shows typical mud properties.
RHEOLOGY MEASUREMENTS
To obtain representative flow-property measurements, it was necessary to strain the LCM's from the mud using a 30-mesh strainer before taking the Fann viscosimeter readings. Attempts to measure rheology without straining the LCM were unsuccessful because the LCM wedged the rotational sleeve of the Fann viscosimeter.
FIELD APPLICATION
The LCM blend was incorporated into a water-based mud for field use after it was successfully tested in the laboratory. A preventive approach was adopted because the lost-circulation zones were known from previous east coast drilling experiences. Approximately 200 ft [61 m] before penetrating the first expected loss zone, the special LCM blend was introduced into the active mud system and maintained thereafter until drilling was completed.
Conventional drilling practices had to be modified for field application because of the particle-size range in the LCM blend. Therefore, the following operational guidelines initially were adopted to maintain the concentrations of each LCM blend component in the active mud system, to minimize buildup of drilled solids in the mud, to control the overall mud rheological properties, and to avoid any plugging problems that the LCM might cause.
PREVENTING LOST CIRCULATION IN SEVERELY DEPLETED UNCONSOLIDATED SANDSTONE RESERVOIRS
The sand trap was dumped frequently to control the buildup of drilled solids in the mud system. The mud cleaner was run without the screen (in the desilting mode) to remove drilled solids from the mud system. The shale shakers were bypassed to keep the LCM in the system. Fresh mud and drill water were used for dilution to maintain the desired mud rheological properties and to control the mud weight. When necessary, controlled drilling and circulation were used to minimize annular drilled-solids buildup. Circulation was broken periodically during trips to avoid bit plugging. Additionally, a 14/32-in. [l1-mm] minimum nozzle size was used. Normally, any directional work with a downhole motor and measurement-while-drilling (MWD) tools was planned and performed before the LCM blend was added to the active mud system. If, however, it became necessary to change the directional path of the well after the introduction of the LCM blend, the returns were passed over the shale shaker to screen as much of the coarse LCM as possible to avoid plugging the tools. After these tools were pulled out of the hole, the LCM formulation was reintroduced and maintained in the mud system. Fresh mud without the LCM blend was used to fill the liner to avoid plugging the float equipment during liner-running operations.
Because the LCM blend is prone to bacterial degradation, a microbicide is essential in the mud system, especially if the mud is used for an extended period. Bacterial degradation of the mud system can affect the rheological mud properties adversely. These operational guidelines recently have been modified to reclaim LCM products from flowline mud as well as to feed the solids-control equipment with LCM "free" mud to improve efficiency.
The shale shakers are no longer bypassed. Flowline mud returns are directed over the shale shakers dressed with 40-mesh screens. The coarse LCM products and large drilled solids are directed to a settling tank. The bottom foot of this tank, which mainly contains drilled solids, is dumped periodically. The remaining volume, with mostly LCM, is returned to the suction tank. 
CASE HISTORIES
Case histories are presented for six sidetrack wells in which the freshwater/bentonite/LCM mud system was used. These sidetracks were drilled in two separate producing fields offshore the east coast of Trinidad. In most cases, multiple severely depleted sands were penetrated in these sidetrack holes, with up to 1,600 psi [11 MPa] overbalanced wellbore differential pressure (Table 4) The hole continued to take fluid while the screening process was completed and the directional correction run made. Subsequently, the hole was drilled to 6,540 ft [1993 m] using a conventional bottomhole assembly after the 15115/10 LCM blend was reintroduced into the mud system. We observed that the rate of mud loss to the hole had become negligible. Subsequently, the hole was successfully logged with no significant fluid loss to the wellbore.
Because abnormal pressures were expected in the objective sand, the programmed mud weight was increased to 10. 3 During the logging of this sidetracked hole, no hole problems were experienced from high pressure overbalance. The resistivity logging tool was successfully run to bottom and the openhole section logged. The porosity log was then run before the cleanout trip. After cleanout, 10 multiple formation pressure points were successfully taken in the partially depleted sand, confirming a pore pressure of 6.47 lbm/gal [775 kg/m 3 ]. During these logging events, no mud losses from depletion were recorded.
A ledge at ≈ 3,000 ft [914 m] caused problems during the running of the 7-in. Wireline logs were run successfully in this openhole section. An attempt was made to run the multiple formation pressure tool without making a cleanout trip. The tool became stuck at 5,290 ft [1612 m] but was successfully recovered using cut-and-strip operations. The multiple formation pressure tool was successfully run after making a cleanout trip. We experienced hanging-up problems when we tried to run the 7-in. [178-mm] liner to bottom. We suspected that broken-off centralizers in the hole were obstructing the liner. The liner had to be worked down, and it eventually hung up at 5, 190 
LCM FORMULATION BENEFITS
Intermediate Casing String. The wellbore pressure integrity was vastly improved because of the effectiveness of the seal created by the LCM blend. As a result, for the first time, a series of normally pressured and depleted sands in the same wellbore were exposed without experiencing lost circulation (Table 4) . Consequently, the need to set an intermediate casing string above the thief zones was eliminated. Thus, we set a 7-in. [178-mm] -liner gravel-packed completion, which historically has proved to be longer lasting and more successful than the previously required 5-in. [l27-mm] -liner gravel-packed completions.
Cementing. Another benefit from the improved wellbore pressure integrity was the ability to perform successful one-stage primary cement jobs. The success of the cement job was judged by these criteria: no losses during cementing, cement-evaluation-log quality, and production history after completion.
In the past, thixotropic cement blends were used for primary cement jobs, but these blends failed to effect a primary seal because of lost-circulation problems during cementing. However, in Well 5, a 5,000-ft [1524-m] liner was successfully cemented with a thixotropic cement blend after using the specially formulated LCM blend to drill through the depleted zones.
Hole Enlargement. Caliper logs run on the wells show that hole sizes were gauge or near gauge. Table 5 shows the average hole sizes for six sidetracks, as calculated from the caliper logs. Gauge hole is especially prevalent in the sand sections, as shown in . Additionally, several nearby wells were drilled with the freshwater/bentonite mud system before the development of the 15/15/10 LCM blend. Caliper logs run on these wells showed that hole sizes were significantly larger than those seen in the wells drilled with the 15/15110 LCM blend. Because the drilling practices used in the wells drilled with the LCM blend were similar to methods used in previous wells drilled without the LCM blend, we attribute the gauge hole to the LCM blend. Gauge hole improves log interpretation and to some extent effects a better primary cement job. Additionally, multiple formation pressures were taken by the use of downhole tools on electric wireline in the open hole. Gauge or near gauge hole is required for taking multiple formation pressures.
Formation Damage. Minimizing formation damage in the production zone is of paramount importance. Any foreign material introduced into any formation will cause some degree of formation damage, especially if the foreign material enters the formation matrix. The specially formulated LCM blend is no exception. Because the l0-lbm/bbl [28.5-kg/m 3 ] cellulosic fibers in the LCM blend enters the formation matrix, the question is "How well is the well's productivity affected?". a.
b.
c.
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The laboratory tests show the following.
Cost Savings. The success of the LCM blend must be evaluated with respect to its cost effectiveness. Table 6 summarizes a cost analysis of freshwater/gel/LCM mud used on the six wells studied. The LCM blend accounted for more than one-half (56.55 %) the total mud cost. To put the cost of the LCM into perspective, consider the incremental costs that would have been incurred if the LCM blend were not being used. Just before the development and use of the LCM blend, a well with pore pressure similar to those in wells cited in this report was drilled. The technique used was similar to that described earlier, where an intermediate casing string was set, and resulted in a 5-in.
[127-mm] completion and numerous lost-circulation problems. A review of the costs associated with the 5-in. [127-mm] hole reveals that an additional $250,000 was spent drilling, logging, and casing the productive zones. If the freshwater/gel/LCM mud system were used to drill this hole, we project that ≈ $75,000 would have been spent on LCM's. Therefore, we conclude that use of the special LCM blend could have saved us $175,000. This amount does not include costs incurred from formation damage caused by whole-mud losses into the productive horizons and the reduced life expectancy of the 5-in. [127-mm] gravel-packed completion.
CONCLUSIONS

S1 METRIC CONVERSION FACTORS
Bbl x 1.589873 E-0l = m3 cp x 1.0* E-03 = Pa's ft x 3.048* E-0l = m ft2 x 9.290304* °F (°F-32)1.8 °C E-02 = m2 gal x 3.785412 E-03 = m3 in. • Conversion factor is exact.
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